We have studied the structures of single-wall carbon nanotube bundles with and without hydrostatic pressure by using constant pressure molecular dynamics methods. The structure is found to be strongly dependent on the symmetry of the tubes, and only ͑6n , 6n͒ tubes could be assembled into an ideal hexagonal lattice. With increasing pressure, all tube lattices undergo a structure transition, while the transition pressure varies with the symmetry and radius of the tube.
I. INTRODUCTION
Carbon nanotubes have been studied extensively in the last decade and have been found to have extraordinary properties. 1 Of great interest is the mechanical properties of single-wall carbon nanotube bundles (SWCNTB's) under pressure. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Experimental studies on SWCNTB's have shown evidence of pressure-induced phase transition. [4] [5] [6] [7] [8] [9] Several high-pressure Raman investigations on SWCNTB's were carried out recently. 4, 5 All of them showed that the vibrational frequency of the radial modes shifts up and the Raman intensity reduces dramatically beyond a few GPa. The changes are reversible upon unloading the pressure. These results strongly indicate a structural transition. However, the transition pressure varies in a rather large range from 1.7 GPa to 10 GPa. A recent x-ray diffraction study on SWCNTB's under pressure 7 found a reversible disappearance of the triangular lattice at ϳ1.5 GPa, if the pressure was unloaded from less than 4 GPa. Accompanying polygonization of SWCNTB's, a discontinuous change in electrical resistivity was observed at 1.5 GPa. 8 Beyond 5 GPa the x-ray results showed an irreversible change. The optical absorption spectra 9 also showed reversibility up to 4.1 GPa. However, an in situ x-ray diffraction investigation on SWCNTB's under quasihydrostatic pressure found that the lattice of the SWCNTB's continues to exit up to ϳ10 GPa. 11 Structural transition of (10,10) SWCNTB's from hexagonal to monoclinic phase was observed in molecular dynamics simulation with the force field. 7 Very recently, ab initio calculations 17 showed that (10,10) SWCNTB's undergo a phase transition above 1 GPa, while in contrast (12,12) SWCNTB's gradually polygonize with increasing pressure up to 6 GPa without any phase transition. These theoretical studies provided important information to understand the behavior of nanotube bundles under external pressure, although many problems are still open and worthy of further investigation. For instance, the physical properties of tubes, such as the transition pressure, are closely related to the tube radius and lattice symmetry. However, the dependence of the transition pressure on the structure of the lattice is not clear, and the tube-tube interactions in the lattice have still not been revealed. Although the pressure-induced phase transition has been confirmed by experiments and recent theoretical simulation, the changes in structure and mechanical properties due to the phase transition has not been well studied yet. Very recently, pressure-induced circular-elliptical shape transition of an isolated single-wall carbon nanotube has been predicted theoretically by Sun et al. 18 with a constantpressure molecular dynamics method developed for finite systems. 19 It is interesting to compare the different behaviors between an isolated single-wall carbon nanotube and singlewall carbon nanotube bundles, which could be helpful in understanding the role of the tube-tube interaction.
In this paper, (6,6), (8, 8) , (10, 10) , (12, 12) , (15, 15) , (24, 0) , and (30,0) SWCNTB's under hydrostatic pressure are studied by using Parrinello-Rahman constant-pressure molecular dynamics simulations. 20 The results show a transition for each SWCNTB, and the transition pressure and the structural changes depend on the symmetry of tubes and the their radius as well.
II. CALCULATION DETAILS
The present simulation is set for the lattice of SWCNTB's, with all the tubes assembled in hexagonal symmetry. We use periodic boundary conditions in all three dimensions for infinitely long tubes without any caps. There are 20 layers of atoms in the axial direction ͑Z͒, while a 4 ϫ 4 supercell, consisting of 16 carbon nanotubes, is arranged in the X-Y plane. For each type of SWCNTB, the lattice constant is optimized, together with the relative orientation of adjacent tubes and interatomic distances, by minimizing the total energy of the simulation cell. In order to simulate the structural changes under pressure, we use the ParrinelloRahman constant-pressure molecular dynamics method 20 and steepest-descent method to obtain the stable structure. The covalent interactions between carbon atoms are simulated by an empirical Tersoff-Brenner many-body potential 21, 22 with the parameters given by Brenner, 22 which has been extensively used to model diamond, graphite, carbon nanotubes, and many hydrocarbon complexes. [23] [24] [25] [26] [27] [28] The intertube and intratube van der Waals interactions are modeled in the usual way by the 6-12 Lennard-Jones potential 29, 30 with a cutoff distance of 15 Å. The intratube van der Waals interaction is included when the tube is compressed to an oval shape.
III. RESULTS AND DISCUSSIONS
Seven different lattices assembled by (6,6), (8, 8) , (10, 10) , (12, 12) , (15, 15) , (24, 0) , and (30,0) SWCNTB's, respectively, with the radius ranging from ϳ4 to 12Å, are studied in the present simulation.
In order to obtain the lattice constant at zero pressure, the total energy of the tubes in the simulation cell is minimized by relaxing all the atomic positions and the shape of the cell. The lattice constants and structural data obtained are listed in Table I .
The intertube van der Waals interaction drives the shape of the cross section of tubes in the lattice changing from circular to hexagonal or oval, even without any external pressure. Among these tube bundles, we find two different shapes for the cross section, hexagonal/nearly hexagonal shape only for (6,6), (12, 12) , and (15,15) SWCNTB's, and oval shape for (8, 8) , (10, 10) , (24, 0) , and (30,0) SWCNTB's. For the (6,6) and (12,12) SWCNTB lattices, the lattice constants a and b are equal, and the angle between two lattice vectors is 120°, showing an ideal hexagonal lattice symmetry. Similarly, for the (15,15) SWCNTB lattice, the cross section is very close to the hexagonal shape, and the difference between two lattice constants is very small.
However, for tubes with an oval shape, a significant distortion from the hexagonal lattice (see Table I ) exists. The lattice constants a and b are obviously different, corresponding to a monoclinic structure. The difference between a and b increases with increasing tube radius. For the (10,10) SWCNTB's, the lattice constants a and b are 16.48 Å and 16.10 Å, respectively, the ratio of the long and short radius is close to 1.02, and the angle between two lattice vectors becomes 116.8°. These agree well with the experimental observation 7, 8 and ab initio results. 17 The obtained intertube distance is about 3.1 Å, which is also in agreement with available data. 7, 17 For larger tubes, such as (24,0) and (30,0) SWCNTB's, a larger distortion has been observed. The ratio of the long to short radius is found to be 1.08, and the angle between two lattice vectors is also larger than that in (10,10) SWCNTB's. A parameter = R s / R 0 is defined to describe the tube deformation induced by the intertube interaction, where R s and R 0 are the shortest axis of the cross section and the radius of the tube, respectively. From Table I , it can be seen that such deformation also increases with tube radius.
The shape of the tube cross section is determined by the symmetry of the tube. According to Damnjanović et al., 31 the symmetry group of individual single-wall carbon nanotubes ͑n , n͒ and ͑n ,0͒ is T 2 1 D nh . Present simulations show that under pressure the symmetries of T 2 1 and h are retained. However, the symmetry of the cross section is reduced from D n to C 6 for (6,6) and (12,12) SWCNTB's, to C 3 for (15,15) SWCNTB, and to C 2 for (8,8), (10, 10) , (24, 0) , and (30,0) SWCNTB's. A necessary condition to form an ideal hexagonal lattice is that the tube itself has a C 6 rotational axis, as required by packing tubes in the hexagonal lattice. This is true for (6,6) and (12,12) SWCNTB lattices, in which an exact hexagonal lattice is formed. For (15,15) SWCNTB which has C 3 symmetry, the equilibrium structure of the tubes shows a distorted hexagon, with two different lengths of the lattice vectors in the unit cell, which leads to slightly different lattice constants a and b, as shown in Table I .
All the zigzag tubes in the lattice show an oval-like shape, independent of their symmetry. To answer why the zigzag tubes cannot get the hexagonal shape while the armchair tubes with C 6 rotational axis can, one needs to explore the atomic structure and the relative orientation between neighboring tubes. In graphite, the adjacent layers are shifted each other to increase the attractive interlayer van der Waals interaction. A similar situation occurs between two adjacent tubes. Carbon tubes in the lattice can rotate in respect to each other to increase the interaction between neighboring tubes. In fact, the circular tubes can deform their shape to increase the interaction between the flattened planes, like two graphite planes. The relative atomic structures between neighboring tubes are schematically shown in Fig. 1 . For the armchair ͑n , n͒ tubes [ Fig. 1(a) ], two graphitelike layers on neighboring tubes shift 1 / 3 period to reach the maximum interaction position, which can be completed by rotating 2 /3n. All the neighboring tubes are located in an energetically proper position simultaneously. While for the zigzag tubes [ Fig. 1(b) ], the graphitelike layers can only reach the position with a maximum interaction by shifting 1 / 2 period. It is impossible TABLE I. Lattice parameters without external pressure, critical transition pressures ͑P t ͒, and bulk moduli ͑B͒ of SWCNTB's. a and b are the lattice constants of SWCNTB's, and ␣ is the angle between the two lattice vectors. t is the shortest intertube distance. The ratio = R s / R 0 is defined as the deformation of a tube, where R s is the shortest radial dimension and R 0 is the radius of an isolated tube. for all the tubes in the lattice to be located at the proper position to maximize the interaction between adjacent tubes. Therefore, the interaction for any tube in the lattice with all six neighbors cannot be hexagonal, making the zigzag tube oval-like. Present simulation shows that all SWCNTB lattices undergo a pressure-induced structural phase transition, as the cross section of each nanotube changes from circular to elliptic (oval). The obvious discontinuity appears in the dependence of pressure versus the reduced volume, as shown in Fig. 2 , which confirms the phase transition. At low pressure, i.e., before the transition, the bulk modulus is of the same order of magnitude as that of Lu 32 and Reich. 16 The simulation also shows that the transition pressure depends on both the tube radius and the tube symmetry. Figure  3 presents the transition pressure as a function of radius. It can be seen that the transition pressures are strongly dependent on the radius of the tube. Similar to isolated single-wall carbon nanotubes, 18 the transition pressure can be well fitted to ϳ1/R 3 for the SWCNTB lattices assembled with oval-like tubes. For comparison, we also show the transition pressure for isolated carbon nanotubes in Fig. 3 . One can see that, except for the tubes with a symmetry approximately matched to the lattice symmetry, the transition pressure for SWCNTB's is slightly smaller than that of the isolated tubes. This means that the intertube interaction can decrease the phase transition pressure, which is dominated by the properties of individual tubes. However, for the T 2 1 C 6h and T 2 1 C 3h SWCNTB lattices, the local structure is well matched between neighboring tubes, and the phase transition pressures of (6,6), (12, 12) , and (15,15) SWCNTB lattices are higher than the isolated ones, and cannot be fitted to a power dependence.
If the pressure is increased further after the phase transition, the elliptic-like SWCNTB's become more flattened to decrease the volume of the simulation cell in response to the external pressure. It is interesting to note that the volume decreases step by step as can be observed from Fig. 2 for (10,10) and (24,0) SWCNTBs. Figure 4 shows the corresponding structure and shape of SWCNTB lattices under different pressure, where the effect of external pressure on the shape of the tube cross section can be clearly seen. Just after the phase transition, the cross section of the tubes becomes an elongated ellipse. With pressure increasing, it is found that some tubes become more flattened than others, as indicated by A and B, respectively, in Fig. 4(c) . Finally all the (12, 12) , and (15,15) SWCNTB lattices (solid squares) have larger transition pressures than those of isolated single-wall carbon nanotubes, while (8, 8) , (10, 10) , (24, 0) , and (30,0) SWCNTB lattices (solid circles) have the lower ones. The blank circles are the transition pressures of (6,6), (8, 8) , (10, 10) , (12, 12) , and ( tubes become very flattened, i.e., dumbbell-like, as shown in Fig. 4(d) .
The presence of two different structures (A and B) can be qualitatively explained as the following. Since structure A is more compressed and deformed than structure B, the total energy of structure A is higher than that of structure B. However, since the volume of structure A is smaller than structure B, the enthalpies for both structures can be essentially the same. Thus, under the external pressure, both structures can coexist. To confirm this point, we calculate the energies and enthalpies for both structures A and B, which are listed in Table II . As expected, the enthalpies for both structures are nearly the same. We believe that high-resolution experiments on electronic properties can be used to observe such an effect.
IV. SUMMARY
By using Parrinello-Rahman constant-pressure molecular dynamics methods, we have studied the structure of SWCNTB lattices with and without external pressure. We find that, only armchair ͑6n ,6n͒ tubes can be assembled in exactly hexagonal lattice, while all other tubes with different symmetries can only form a deformed hexagonal lattice. A pressure-induced shape phase transition occurred in SWCNTB's as the shape of the tube cross section changes. The critical transition pressure is strongly dependent on the symmetry and the radius of the nanotubes. For most SWCNTB lattices, the transition pressure is smaller but very close to that of the isolated tubes. For T 2 1 C 6h and T 2 1 c 3h SWCNTB lattices, good matching between the local atomic structures of neighboring tubes can enhance the stability of SWCNTB's with respect to the external pressure and can make the transition pressure higher than that of isolated single-wall carbon nanotubes. The present results also show a special metastable state in which the carbon nanotubes have different shapes but similar enthalpy during the transition of SWCNTB lattices. 
